In the present review, we consider in detail nonlinear-optical properties of porous silicon. The nonlinear-optical properties of porous silicon are discussed in close connection with its linear optical properties. Such coherent nonlinear-optical processes as the second-and third harmonic generation are considered, with special interest to the variations of the nonlinear susceptibility tensor, phase matching in the birefringent porous silicon, and effect of the photonic crystals. Incoherent nonlinear-optical processes as nonlinear refraction, optical bleaching, and two-photon absorption are also reviewed, the different mechanisms responsible for them are discussed.
INTRODUCTION
Nonlinear-optical effects are significant under interaction of the matter and intense laser radiation. The feature of the nonlinear-optical processes is nonlinear dependence of the matter polarization of the electric field. For more than * Author to whom correspondence should be addressed. fifty years the nonlinear optics have become a sufficient part of optics and electrodynamics; at the present time it is one of the bases of the modern photonics. It is nonlinearoptical effects that are responsible for wave mixing and frequency conversion, ultrashort laser-pulse generation and optical switching.
Nonlinear response of medium to powerful optical wave results in generation of nonlinear polarization wave at frequency in the medium. For the cases, when the nonlinear polarization is generated by two or three waves (including degenerative cases), amplitudes of the nonlinear polarization wave P NL are connected with the amplitudes of interacting waves E by equations:
3 E 1 j E 2 k E 3 l correspondingly, where 2 and 3 are nonlinear susceptibilities of the second and third orders, correspondingly, 1 2 3 are frequencies of interacting waves, with being their combination, subscripts i j k l denote Cartesian coordinates.
Porous silicon (por-Si)-a nanocomposite medium consisting of nanometer-size silicon crystals separated by the pores of similar size-now attracts a great interest for the nonlinear optics. On the one hand, nowadays, silicon is becoming an important material for photonics that is why nonlinear-optical properties of silicon-based devices are of great importance. 1 2 On the other hand, porous silicon is a good model object for the study of the nanocomposite nonlinear-optical properties, which could significantly differ from ones of their constituents. 3 At last, some nonlinear-optical effects found in this material make us consider it as a promising object for photonics. In this paper we will discuss both effects, which fundamentally depends on phase relation between the interacting waves (coherent nonlinear-optical processes), e.g. the harmonic generation, and the effects not depending on the phases (incoherent processes), such as self-focusing and twophoton absorption. Since birefringence is of great importance for the coherent processes, we also give a brief review of the artificial optical anisotropy in porous silicon films caused by the pore arrangement (the so-called form birefringence). 4 Special attention will be paid to the difference of the nonlinear-optical properties in micro-(pore diameter d < 2 nm), meso-(2 nm < d < 50 nm), and macroporous silicon (d > 50 nm). Por-Si is found to be a material allowing simple and fast formation of the photonic crystal. Field enhancement and specific dispersion laws in these optical structures result in very interesting nonlinear-optical effects, which cannot be omitted in the present review.
THE LINEAR OPTICAL PROPERTIES OF POROUS SILICON

Effective Refractive Index
The typical sizes of porous silicon constituents (pores and silicon nanocrystals) are much less than optical wavelengths, which allows us to consider por-Si as optically He together with co-authors have published more than 250 papers in referred journals, 3 reviews, 5 chapters in books, and 2 textbooks. He was an adviser of 12 Ph.D. works. Currently his research interests are focused on the physical properties and applications of semiconductor nanostructures.
homogeneous medium and characterize it with an effective refractive index and effective absorption coefficient (effective-medium approximation, EMA). Generally, we can determine the effective dielectric permittivity eff through the obvious relation
where < D > is the electric displacement averaged over a volume V with the sizes exceeding the sizes of permittivity inhomogeneities, E 0 is the external electric field. Often, different effective-medium models are employed to calculate effective permittivity. The model is that or those 'mixing rule' allowing calculation of the effective permittivity of a nanocomposite on a basis of permittivities, form, and volume fraction of its constituents. Experimentally, measurement of the effective refractive index is usually carried out by means of analysis of the reflection/transmission spectra of the por-Si films [5] [6] [7] [8] [9] or by ellipsometry. [10] [11] [12] The detailed studies 5 13 demonstrated that the Bruggeman model 14 gives a good description of the effective permittivity of the mesoporous silicon (mesopor-Si) although other effective-medium models such as Maxwell-Garnett and Landau-Lifshits-Looyenga are also employed in some cases. 5 In the isotropic Bruggeman model, it is assumed that nanocomposite is formed by spherical particles and each particle is considered to be placed in the effective medium. The relation between with the effective permittivity eff and the permittivities 1 and
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where f 1 and f 2 are the filling factors for the two constituents (f 1 + f 2 = 1). For por-Si 1 is dielectric function of crystalline silicon (c-Si) and f 1 = 1 − p, where p is porosity, whereas 2 = 1 (or the permittivity of the medium filling the pores). It is worth noting that the microporous silicon (micropor-Si), however, requires taking into account variation of the band gap due to the quantumsize effects. 13 On the other hand, if the sizes of the pores and nanoclusters are comparable with the optical wavelength, as in the case of macroporous silicon, the effectivemedium model is hardly applied.
Form Birefringence in Mesoporous Silicon
In the mesopor-Si the pores have preferable growth direction, namely 100 crystallographic axis. [15] [16] [17] In other words, such a pore structure results to optical anisotropy (form birefringence) as it was for the first time predicted in 1994 18 and supported in further experiments. [19] [20] [21] [22] The detailed study reveals that mesopor-Si possesses properties of a uniaxial crystals. The mesopor-Si formed at (100) substrate has properties of a positive crystal with the optical axis lying along 100 crystallographic direction, 19 whereas mesopor-Si formed at (110) substrate has properties of a negative crystal with the optical axis lying along 001 direction for the samples formed at p ++ -Si 23 24 and along 110 direction for the samples formed at p + -Si. 25 26 Sketches and TEM image in Figure 1 give an idea how the pores and optical axes oriented. Formally, the ordered pore formation in c-Si can be considered as introduction of the symmetry breakdown. Thus, instead of m3m symmetry typical for c-Si we obtain 4/mmm symmetry in mesoporous Si formed on p ++ (110) Si substrate. 27 The birefringence depends strongly on the porosity, which is determined in particular by the etching current density. The increase in the porosity of the mesoporSi formed by etching of p ++ -Si is accompanied by a decrease in the effective refractive indices both for ordinary and extraordinary waves and an increase in the birefringence value n = n o -n 28 e (Fig. 2) . In contrast, for the c-Si wafers with same surface orientation (110) but a lower doping level (p + -Si) the n values depends on the porosity non-monotonously: it increases with the rise of porosity for low porosity and decreases for the higher porosity. 26 These effects are caused by the less ordered pores in the por-Si layer formed on p + -Si. The value of n can also be tuned by filling of the pores with dielectric media. 29 Birefringence in mesoporous Si is so strong that it is retained after its thermal oxidation although decreased by an order of magnitude. Nevertheless, the maximal birefringence of oxidized mesoporous Si reaches n = 0 025, twice exceeding the anisotropy of crystalline quartz. Structural measurement data evidences oxidized mesoporous Si is an amorphous medium, thus, the observed optical anisotropy is a form one. 30 To describe optically anisotropic nanocomposites the effective-medium models, e.g. the Bruggeman one, can be easily generalized. Suppose the mesoporous silicon is formed by the pores and nanocrystals, which have form of spheroids (ellipsoids of revolution). In this case, the local film E inside the ellipsoid of permittivity is connected to the field outside E 0 by the relation
where i denotes the Cartesian component parallel or perpendicular to the axis of revolution, i is the local field factor, and L is the depolarization factor, 31 different for the field parallel and perpendicular to the rotation axis (denote them L and L ⊥ , respectively); the L factor values is determined by the ratio = a/b of the lengths of the polar (a) and equatorial (b) semiaxes. 32 The cases < 1, > 1, and = 1 correspond to oblate and prolate ellipsoids of revolution, and a sphere, respectively (in the latter case,
. The L and L ⊥ values are connected with a relation:
Finally, the Bruggeman model gives the equation analogous to (2):
Apart from the generalized Bruggeman model, other approaches are proposed, in particular based on Maxwell-Garnett approximation. 33 34 A good way to check the applicability of the effectivemedium approach is comparing of the experimentally found dispersion of the por-Si refractive index with the calculated one. Besides, the dispersion data will be useful for studying the phase matching of nonlinear-optical processes. Figure 3 presents the wavelength dependence of the refractive indices for ordinary and extraordinary waves for mesoporous Si films with porosities of ∼60 and 74%, obtained by etching (110) p ++ -Si wafer. It can be seen that the generalized Bruggeman model (5) is a good approximation for description of the optical properties of moderate-porosity samples ( Fig. 3(a) ). However, with an increase in porosity, the description of mesoporous Si properties within the effective-medium model becomes worse (Fig. 3(b) ). The discrepancy in the short-wavelength region is significant because the wavelength approaches the nanocrystal size and, therefore, goes beyond the range of applicability of the electrostatic effective-medium approximation.
An approach taking into account the particle size effect on the local field due to the dynamic particle depolarization was known for spherical particles 35 36 and can be generalized for the spheroidal nanocomposite constituents. 37 The role of dynamic depolarization in the long-wavelength region is insignificant, and the static effective-medium model gives good agreement between the calculated and measured refractive indices. However, at shorter wavelengths, neglect of dynamic depolarization 
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Porous-Silicon-Based Photonic Crystals
Photonic crystals are composites with periodically ordered inhomogeneities, with period being comparable to the light wavelength. 38 Light propagation in such media is similar to the motion of an electron in the periodic potential of the crystal. In particular, as a result of wave interference in some spectral range, propagation in certain directions becomes forbidden; i.e. a photonic band gap (PBG) is formed. For a given structure PBG position depends on the light angle of incidence.
One-dimensional photonic crystals can be successfully fabricated on the basis of por-Si. Since porosity and refractive indices are determined by the etching current density, by means of periodical variation of this parameter one can form structures with alternating layers of different porosity (and, therefore, different refractive indices) ( Fig. 5(a) ). Thus, a porous-silicon-based multilayers and, in particular, one-dimensional photonic crystal are formed. 5 39-43 Two multilayer stacks and an additional layer between them form a photonic crystal with a defect. If the optical thickness of the layer satisfies 2nd = , where n is refractive index, d is the layer thickness, and is a wavelength in PBG, a microcavity is formed ( Fig. 5(c) ). The reflection spectra of the microcavity is characterized with a narrow resonance with a low reflectivity. 44 45 Formally, the multilayers are optically anisotropic structures with the optical axis coinciding with the stratification direction. 4 However, with a help of birefringent por-Si layers, it is possible to fabricate a one-directional photonic crystal in which the PBG position depends on the polarization of incident radiation (Fig. 6) . [46] [47] [48] [49] Such multilayer structures can be used to design dichroic mirrors and filters. The latter can find application in the development of radiation control elements for optical telecommunication system.
Macroporous Silicon
Macroporous Si (macropor-Si) with the ordered pores is a two-dimensional photonic crystal ( Fig. 7(a) ). [50] [51] [52] Typically, these structures are formed by electrochemical etching of n-type c-Si with a lithographic prestructuring process. The depth-to-width ratio of the pores can reach to 500. An important advantage of such macropor-Si is ability of infiltration them with liquid crystals. 50 Highly ordered pores in two-dimensional photonic crystals results in a significant birefringence in IR region ( Fig. 7(b) ). The birefringence value strongly depends on the IR radiation frequency; the structure with a period of 1.50 m and pore radius of 0.644 m and a distance between pores of 1.5 m demonstrated the birefringence value of 0.366 at wavelength of 7.18 m. 51 Recently, such form of macropor-Si as Si nanowires (SiNWs) attracts a great deal of interest. Formed by metal assisted wet chemical etching, SiNWs have diameter from 10 to 100 nm and length up to 100 m, depending on the etching time and their ensembles possess vertical or zigzag architecture. 53 The SiNWs are covered with Si nanoparticles formed due to wet chemical porosifying, which results in visible photoluminescence of SiNWs. 54 
HARMONIC GENERATION IN POROUS SILICON
The efficiency of such nonlinear-optical processes as second-and third-harmonic (SH, TH) generation depends on both effective nonlinear susceptibility of the nanocomposite and phase matching. The latter one in coherent processes like harmonic generation was found to depend on nanocrystal size strongly. Phase matching is of great importance for the coherent processes since effective frequency conversion is possible only when the nonlinear polarization wave generated in the nonlinear-optical medium propagates with the same velocity as the wave of doubled, tripled, or, generally, sum frequency. Formally, for the nonlinear-optical interactions wave vector mismatch value k = k g − k p can be calculated, where k g = 2 n g / g is wave vector generated in nonlinear-optical process, g is the length of the generated wave, n g is refractive index at g , k p is wave vector for nonlinear polarization wave; k = 0 corresponds to the phase matching, i.e., the highest efficiency of the interaction. 
Effective Nonlinear Susceptibility
Like effective refractive index for description of the linear optical properties of nanocomposite, we can characterize nonlinear-optical properties by means of effective nonlinear susceptibility. In electrostatic EMA, if the nanocomposite consists of the particles of the same form with the only nonlinear constituent and the dipole response is absent, nonlinear effective cubic susceptibility 3 eff of this medium is given by expression:
where f is the nonlinear component volume fraction. As one can see from eq. (6), the theory predicts a decrease of the nanocomposite susceptibility unless nanoparticle's permittivity is negative. Crystalline Si possesses central symmetry and, as a results, the most effective dipole SH response is prohibited, and the SH in this material is generated through surface dipole or bulk quadrupole mechanism and its efficiency is rather low. 55 Por-Si inherits the central symmetry of c-Si and possesses the same SH generation mechanisms. Experiments evidence that in micropor-Si SH generation efficiency falls drastically even in comparison with c-Si. 56 Detailed study had revealed square susceptibility of micropor-Si two orders of magnitude less than one in c-Si. 57 Despite well-developed surface of the microporSi, the surface SH response is not increased due to complete compensation of the SH waves with opposite phases generated at different point at the pore. It is worth noting that all relatively high SH and sum-frequency signals from micropor-Si are due to surface states, 58 in particular occurred as a result of vacuum heating 59 or contact to the liquids, e.g. ethanol. 60 The TH signal measurement in transmission geometry taking into account phase mismatch and Fresnel factors the free micropor-Si film gave 3 = 0 5·10 12 e.s.u., 61 which is also two-orders-of-magnitude less than one for c-Si. 62 An order-of-magnitude decrease of the TH generation efficiency in microporous Si in comparison with c-Si was also found in reflection geometry. 63 Thus, the experimental observation supports the electrostatic EMA predictions both for SH and TH.
The situation, however, drastically changes if the pore sizes are of tens nanometers (mesopor-Si). The experiment on TH generation in reflection geometry from birefringent mesopor-Si revealed that the TH generation efficiency in this material is up to 50 times higher than that in c-Si, with the TH signal increasing with the rise of porosity (Fig. 8) . 63 TH signal enhancement cannot be reduced to trivial variations of the relevant Fresnel factors. Indeed, the porosifying process reduces the refractive indices, but in this case the porosity varies slightly (65% to 82%); therefore, the corresponding transmittance and reflectance
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Equation (6) allows us to calculate cubic susceptibility tensor components and relations between them. For mesopor-Si formed at (110) surface we obtain five different components of the effective cubic susceptibility: Table I , the calculated r value is in qualitative agreement with the experimentally found ones. In particular, as a result of optical anisotropy, the nonlinear component 3 eff 3333 is smaller than 3 eff 1111 . Nevertheless, the significant discrepancies of the calculated and observed r values are clearly seen. In contrast, analogous ànalysis carried out for oxidized mesopor-Si demonstrated good agreement of the experiment and EMA theory, which is obviously caused by its lower refractive index, longer wavelength in the Si oxide nanoparticles, and, therefore, better applicability of EMA.
Analysis of SH generation in mesopor-Si is to some extent more complicated than for the case of TH generation. The experiments on confocal SH microscopy in mesoporous Si revealed that the SH signal also rose with porosity increase. 65 Since SH response is higher for the filed perpendicular to the pore than for the field along them, SH generation was connected with contributions of the surface dipoles, which, in contrast to micropor-Si, are not compensated in mesopor-Si. Nonlinear-optical susceptibility increases in the case of resonance. Experiments on coherent anti-Stokes Raman scattering in SiNW ensembles demonstrated two resonances simultaneously: (i) phonon resonance (corresponding to wave number 520 cm −1 and (ii) resonance with electronic states in Si nanocrystals covering SINWs. It is worth noting remarkable increase of phonon resonance peak in SiNWs in comparison with c-Si, the effect is likely to be caused by the field enhancement due to scattering in SiNWs. 66 
Phase Matching in Birefringent Mesoporous Silicon
As follows from the results discussed above, the in-plain birefringence of free-standing PS films formed from (110) p ++ -Si substrate is high enough to compensate for the normal dispersion of the material and phase match both SH and TH generation.
The calculation of the phase-matching conditions for SH generation were done for the pump by radiation of a Nd:YAG laser for both possible types of collinear phasematched SH generation in a negative crystal. 55 
and extraordinary waves (e) and subscripts correspond to the fundamental radiation (1) and SH (2) . Figure 9 (a) presents k versus the angle of incidence for the sample of 65% porosity. As one can see, phase matching is not achieved at any angle of incidence. It is worth noting that for normal incidence k is less for the oe-e interaction, whereas at high the oo-e interaction is characterized by smaller mismatch. The phasematching conditions for mesopor-Si film of lower porosity (and higher refractive indices) are shown in Figure 9 (b). As one can see, these slight variations in porosity are sufficient to phase match SHG. Since birefringence is controlled by refractive index of the material in the pores it is instructive studying effect of filling the pore on phasematching conditions (Figs. 9(c) and 9(d) for ethanol-and glycerol-filled mesoporous Si films of 65% porosity, correspondingly; EMA was employed in calculations). Filling the pores with ethanol allows the phase matching to be reached at the angle of incidence of 40 . The birefringence of the glycerol-filled film is less than in ethanol-filled porSi film, phase matching is achieved at smaller angle of incidence (13 ) .
Experimental results on SH generation in the birefringent mesoporous Si 67 agree the calculations very well. For the samples of 65% porosity, the dependence of the intensity of SH on the polarization of the fundamental radiation is shown in Figures 10(a)-10(c) . For the normal incidence of the fundamental radiation, the polarization dependence of the SH generation has a four-fold symmetry ( Fig. 10(a) ) and the second-harmonic radiation is polarized along the axis [001]. Such kind of polarization dependence indicates the oe-e interaction. Indeed, for the incidence close to normal this type of interaction is characterized by the minimal phase mismatch (see Fig. 9(a) ). If the sample is rotated around its optical axis no significant variation of phase mismatch occurs and the polarization
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Nonlinear-Optical Properties of Porous Silicon Nanostructures dependence of the SH signal still has a four-fold symmetry ( Fig. 10(b) ). However, the polarization dependence has a two-fold symmetry for the sample rotated by 50 around the in-plane direction perpendicular to the optical axis ( Fig. 10(c) ) and the second-harmonic radiation is ppolarized. This fact agrees well with the results of our calculations, which demonstrate less phase mismatch for the oo-e interaction at larger angles of incidence ( Fig. 9(a) ). The weaker SH signal pumped by p-polarized fundamental radiation is unmatched signal, which does not correspond to any phase-matching type. Figure 10 (d) presents the dependence of the SH signal on the angle of incidence. The mesoporous Si film was rotated around the 110 direction (perpendicular to the optical axis, the fundamental radiation is polarized perpendicular to the optical axis). For the mesoporous Si film with air-filled pores the maximal SH signal is observed at the angle of incidence of about 57 , whereas the maximum is reached at 38 , when the pores are filled with ethanol, and at 32 , when the pores are filled with glycerol. The change in the angle of the maximal SH signal is explained by the variation of the phase-matching condition caused by filling the pores with dielectric media (cf. Figs. 9(a), 9(c) and (d)). The experimental results are in good agreement with the calculations. For the case of ethanol-and glycerol-filled pores, the SH generation efficiency is one and two orders of magnitude higher, respectively, than for the sample in air that is indicative of phase-matched SH generation.
Symmetry of the cubic susceptibility tensor responsible for the TH implies phase matching for the ooe-e interaction only. For this type of interaction more useful way to check achievement of the phase-matched generation was variation of the fundamental wavelength. Figure 11 (a) displays clearly pronounced maximum as a function of the fundamental wavelength (at 1.635 m, which is close to the results of the calculation based on the measured refractive-index dispersion). The maximal level of the TH signal exceeds one at 1.2 m by a two orders of magnitude. No sign of phase matching has been observed for other experimental geometries such as ooo-o and eee-e. Additional proof of the phase matching is orientation dependence of the TH signal (Figs. 11(b)-11(d) ). In the regime of phase matching (Fig. 11(b) ) it can be accurately approximated with a function proportional to sin 2 , where is an azimuthal angle (see inset in Fig. 11(d) ); this means that ooe-e interaction described by this function prevails. Orientation dependences measured off the phase matching (Figs. 11(c), 12(d) ) have significant contributions from other interactions, which do not allow phase matching. 68 Analogously, birefringence in oxidized mesoporous Si is also so strong that allows phase matching of the TH generation in this material to be achieved, which was proved by variation of the TH signal and its orientation dependences on the fundamental wavelength. 30 
Harmonic Generation in Porous-Silicon Multilayers
Photonic crystals are well known to be very promising for enhancement of the nonlinear-optical interaction efficiency 69 due to both specific dispersion law in photonic crystal allowing phase matching and the field enhancement inside them. In por-Si-based PBG structures, the control of the harmonic generation efficiency by the period of the structure and the angle of incidence was experimentally demonstrated. 42 The photonic-crystal structures with different PBG positions were formed by layers of micropor-Si fabricated by etching (100) c-Si (Fig. 12) . Both pore size (see above) and surface orientation 70 implies ineffective SH generation. Nevertheless, SH signal from por-Si-based multilayer (structure A with PBG at 0.44-0.5 m) severalorders-of-magnitude exceeding SH signal from c-Si and significantly exceeding SH signal from multilayers with another PBG positions (B and C) was detected (Fig. 12) . The phase mismatch k = k 2 -2k 1 where k 1 and k 2 are the wave vectors of fundamental and SH radiation, respectively, taking into account dispersion of the multilayer structure was calculated; 42 the minimal k value was found for the structure A at the angle of incidence about 50 , which is close to experimentally found angle of maximal SH signal. Approaching k to zero for structures B and C at angles of 40 and 80 , correspondingly, is a manifestation of PBG occurrence at SH wavelength, which prevent effective SH generation. 
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Nonlinear-Optical Properties of Porous Silicon Nanostructures Generally, PBG position and microcavity wavelength determine the efficiency of the harmonic generation. For the fundamental wavelength coinciding with the microcavity wavelength giant (up to 200 times) enhancement of the SH signal was detected in comparison with the pumping by a fundamental wavelength coming to PBG. Another SH enhancement occurs when fundamental wavelength is at the edge of the PBG. [71] [72] [73] Figure 13 (b) presents the spectra of the SH generated in mesopor-Si microcavity. The SH intensity is strongly enhanced at 0.785 m and 0.810 nm for angles of incidence 45 and 40 , correspondingly, when the fundamental field is in resonance with the microcavity modes (Fig. 13(a) ). The same effect takes place for the TH generation. 74 75 Employment of the near-field optical microscopy allowed the field enhancement in por-Si microcavities with both empty pores and infiltrated with glucose oxidase. 72 76 Por-Si-based PBG structures formed by in-plain birefringent layers introduce new features of the harmonic generation. Since PBG position depends on the light polarization, efficiency of the SH and TH harmonic generation varies with variations of the fundamental wave polarization. 49 Indeed, variation in the SH orientation dependence were found if the fundamental wavelength is in PBG, whereas pumping with the fundamental wavelength off the PBG results in no variation. 77 
Slow-Light Effects in Harmonic Generation in Macroporous Silicon
The effect of the group-velocity decrease for the propagating laser pulse in a media is of great interest due to its various applications in photonics. Macropor-Si can be also employed for slowing down the light propagation. [78] [79] [80] [81] [82] An important manifestation of the slow-light effect is significant enhancement of the nonlinear-optical interaction efficiency, including harmonic generation. 82 The enhancement of the nonlinear-optical process efficiency due to the slow-light effect was demonstrated in the silicon waveguide with a macropor-Si -two-dimensional photonic crystal as a cladding. Due to combination of the optical confinement (i.e., decrease of the group velocity) and dispersion engineering through the use of optimized photonic-crystal waveguides (80-m-long photonic-crystal waveguide in a 220-nm-thick air-suspended silicon slab, coupled to two tapered ridge waveguides) the group velocity of the laser pulse can achieve c/40, where c is the speed of light. 82 The intensity of the fundamental wave increases as much as the phase velocity is higher than the group velocity. As a result, the TH generation efficiency increases up to 10 −7 at pumping with wavelength near 1.5 m and peak power 10 W, which allows TH radiation (green light) to be seen with a naked eye. The maximal TH generation efficiency is achieved for the fundamental wavelength 1.557 m, which is characterized by the lowest group velocity in the used spectral range.
LIGHT SELF-ACTION IN POROUS SILICON
In this section, we shall discuss such nonlinear-optical effects as two-photon absorption (TPA), optical bleaching, and nonlinear refraction (NLR). They are often called the light self-action since the light propagating through a medium causes its optical-parameter variations that, in its turn, effect the light propagation. Although these processes are different by their nature and are characterized by different time, the most of them are connected to that or those population variations and need no phase matching. Formally, these processes are four-wave interactions and described in terms of cubic nonlinear susceptibility 3 . In order to describe TPA effect into account the following equation for the light intensity I propagating along z axis is usually written down:
where is a linear absorption coefficient and is TPA coefficient. NLR originates from a dependence of the refractive index on the light intensity
where n 2 is NLR index and n 0 is a refractive index at low light intensity. The nonlinearity described in Eq. (8) is often referenced as Kerr-like nonlinearity. Coefficients n 2 and are connected with a real and imaginary part of the cubic susceptibility (for the degenerative case of the same excitation and probing wavelength ):
The very popular way of n 2 and measurement is the socalled z-scan technique, which is based on variation of the focused laser beam cross-section near the focal point and, therefore, variation of the laser intensity. 83 Self-focusing in the sample results in the decrease of the signal transmitted through the diaphragm in far zone (close aperture) for the sample before focus and increase of the signal for the sample behind the focus. 84 Open aperture signal indicate two-photon absorption in the sample. The z-scan technique due to its elegance has gained wide researchers' acceptance. However, this technique makes serious demands to the sample homogeneity since the light transmits through varying area of the sample. That is why for nanostructured materials alternative technique, I-scan, is often employed. In I-scan measurements the light intensity is controlled in broad limits by means of optical attenuator, whereas the laser-beam cross section has no variation. [85] [86] [87] [88] 
Influence of Quantum-Size Effect on Cubic Susceptibility of Microporous Silicon
For nonlinear-optical properties of the micropor-Si the quantum-size effects and quantization of the energy in Si nanocrystals play a principal role. That is why the researchers' interest in 1990s was focused on manifestations of the band-gap variations. The energy spectra and dynamics of the transitions can be found by means of differential transmission (DT) spectroscopy. The excitation is carried out by a short (pico-or femtosecond) laser pulse and a continuum light transmission is detected depending on the time delay with respect to exciting pulse. The DT demonstrates optical bleaching [89] [90] [91] and absorption. 92 The bleaching spectra exhibit a sharp discrete structure with the peaks corresponding to the saturation of transition to the energetic levels of the nanocrystals. The process is characterized by fast relaxation (about 40 ps) and high nonlinear susceptibility (∼ 10 −9 -10 −8 e.s.u.). The exciting and probing photon energy is of great importance for the DT sign. For the probing radiation at 0.815 m saturation of the energetic states causes rise of transmittance. Employment the excitation photon energy of 3.1 eV instead of 2.34 eV resulted in change bleaching with absorption, which is characterized with broad spectra, which could be explained by more efficient excitation of molecular-like complexes in Si nanocrystals by higherenergy photons. In contrast, resonance (photon energy coincides with the energy of the states occurred due to energy quantization) results in effective TPA (Im 3 = 1.9·10 9 e.s.u., which is three orders of magnitude higher than one in c-Si).
As far as Re 3 value is concerning, it can reach large values three orders of magnitude exceeding one for c-Si. The Re 3 = +7.5·10 −9 e.s.u. was reported in z-scan experiments ( = 0 665 m) 90 and connected with resonance absorption by the Si nanocrystal energy states. Nevertheless, employment of the lasers with off-resonant photon energy (e.g., 1.17 eV, which is below band gap of micropor-Si) results in huge Re 3 absolute values (−5.6·10 8 e.s.u., 1.064 m). 84 The negative Re 3 sign does not agree with the theory of NLR developed for bulk semiconductor 93 since por-Si remains indirect semiconductor and, due to quantum confinement, matrix element is varied in comparison with bulk semiconductor. However, it is worth noting that the discussed results were subjected to some criticism because of not taking into account influence of free carriers generated by the laser pulse, 94 which is especially important for excitation by picosecond laser pulses. Indeed, the light self-action in por-Si cannot be restricted by the quantum-size effects and a complex set of reasons, including effect of the surface states, charge carrier injection by one and two photons, free-carriers absorption, thermal effects, etc. should be taken into account. Note also that although nanocrystals in mesopor-Si do not demonstrate any energy quantization, this material is also characterized by high-effective light self-action.
Effect of the Surface States
The effect of the surface states was found in mesopor-Si under irradiation by picosecond pulses with photon energy of 1.17 eV. This material reveals huge TPA coefficient ( = 22 5 cm/MW) for relatively low laser intensity (less than 3 MW/cm 2 ) (Fig. 14(a) ). Despite strong in-plain birefringence of the sample, the value does not depend on the light polarization, whereas NLR coefficient does. The possible reason of huge can be a resonance of the photon energy to a certain transition in the mesoporous silicon, e.g. surface states or defects in silicon oxide covering the surface, characterized with a broad band at 1.18 eV. 95 The assumption allows the observed lack of anisotropy to be explained. Moreover, the broken total transmittance dependence on the laser peak intensity indicates saturation of
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Free-Carrier Effects
Free-carrier plasma dispersion (FCD) and free-carrier absorption (FCA) significantly effect the laser pulse propagation since they result in variation of refractive index and absorption coefficient, respectively. These variations depends on the excess carrier concentration N , generated in medium as a result of the laser action:
where FCA is the free-carrier absorption cross section and k FCD is the free-carrier dispersion coefficient. In its turn, N is determined by the laser radiation intensity, the freecarrier lifetime c , and in case of infrared radiation, e.g. at very important wavelength of 1.55 m, TPA coefficient. The experiments 96 on the influence of the 150 fs laser pulse (wavelength of 1.49 m, pulse energy of 0.12 nJ) on cw radiation (1.56 m, 1 mW) transmission carried out in silicon-on-insulator (SOI) and mesopor-Si waveguides revealed that the latter material is characterized with less c value than the former one (0.2 ns for mesopor-Si and 1.1 ns for SOI waveguide). The faster free-carrier lifetime in mesopor-Si could be explained by the much higher surface recombination rate in the material with a developed surface and the much faster Auger recombination lifetime. Employment of visible pulses significantly shortened the carrier lifetime in mesopor-Si up to 3 ps. 97 Carrier population time and electron-hole pare dephasing time are often measured by means of four-photon spectroscopy. For micropor-Si estimation based on measurement of the coherent anti-Stokes Raman scattering spectra give the carrier lifetime value ranged from 1.5 to 3.5 ps and increased with the porosity rise; dephasing time for electron-hole pare was estimated from the same experiment as 20 fs. 98 As it was found in experiment, the FCA had more stronger effects on the light propagation in mesopor-Si waveguide than in SOI one. FCA cross section in porous silicon waveguide was found to be approximately twoorders-of-magnitude larger than that reported for bulk silicon, which is connected with the higher collision frequency due to the lower mobility of the heavily-doped por-Si skeleton. Analogously, k FCD value is more than an order of magnitude higher than one reported for crystalline silicon. As a result, the transmitting wave gets additional time-dependent phase shift, which is manifested as the spectrum blue shift at higher input intensities. 96 Free-carrier effect play important role in photonic crystal since they are responsible for variation of their spectra and shift of PBG. In mesopor-Si-based microcavities charge-carrier generation by 25 ps laser pulse at 0.532 m results in variation of the multilayer reflection spectra and subnanosecond rise of the reflectivity, the time of the enhanced reflectivity increases with the laser pulse fluence rise. 99 In macropor-Si (two-dimensional photonic crystal) a high density of carriers can be optically injected and results in the shift of PBG edge (Fig. 16 ). Due to a decrease of the dielectric permittivity of Si with the carrier density rise (Drude model) the PBG edge is shifted to the blue side, with the typical reflectivity rise time 400 fs. 100 Detailed calculations based on absorption characteristics of the photonic crystal at the pump wavelength and the variation of the photonic crystal dispersion curves with injected carrier density are in agreement with the maximum shift of about 30 nm observed in experiment. 101 The free-carrier generation due to TPA also results in significant variation of the macroporous Si reflection (blue shift of its PBG) with the switching time 1 ps. 102 
Kerr-Like Nonlinearity
Now, let us discuss Kerr-like nonlinearity and TPA, which do not depend on free-carrier excitation. The nonlinearoptical properties of c-Si should be inherited to some extent by por-Si structure. It is instructive to compare NLR and TPA coefficients for both these materials. Despite high porosity (∼70%) the n 2 value (2.3·10 14 cm 2 /W 104 ).87 Keeping in mind mentioned above more effective TH generation in mesopor-Si than in c-Si we can explain these facts with the same physical reasons. It is worth nothing, however, that for the process of degenerative four-wave mixing the values of Re 3 = 1 2 · 10 −12 e.s.u.105, which is comparable with one in cSi, were also reported in micropor-Si. For macropor-Si (SiNWs) four-order of magnitude rise of nonlinear-optical parameters in comparison with c-Si were reported. 106 The Kerr-like nonlinearity is also responsible for PBG shift in mesoporous-Si two-dimensional photonic crystals ( Fig. 16(a) ). Rise of the refractive index due to Kerrlike nonlinearity results in red shift of the PBG as it was detected in experiments. 102 The photonic crystal had the PBG edges at approximately 1.3 and 1.6 m. Employing 2.0 m pumping and 1.3 m probing ( = 17 6 and 0.5 GW/cm 2 , respectively) allowed 10 −3 decrease in reflectivity to be detected, which evidenced a redshift of the PBG edge (Fig. 16(b) ). The broadening of the reflectivity trace is explained by slowing down the pump and probe pulse propagation in photonic crystal.
It is instructive to compare the Kerr effect with freecarriers effect caused by TPA. The pumping was at wavelength of 1.76 m and probing was at 1.6 m (i.e. near the red PBG edge). In contrast to pumping at 2.0 m, pumping at 1.76 m results in significant TPA. On the one hand, Kerr-effect-induced PBG redshift results in increase of the signal. On the other hand, TPA generates free carriers, which as it was discussed above, cause blue PBG shift. As one can see from Figure 16 (c), the instantaneous Kerr effect bring about rise of reflectivity, but the effect of TPA pumped free carriers is somewhat stronger and 1 ps later the reflectivity falls. Note that, in contrast to Kerr effect, free-carrier one need some time and both the effect are of one order. The n 2 value for macroporous Si was estimated to be 5.2·10 −15 cm 2 /W, which is an order of magnitude less than one for c-Si (note, however, difference between nondegenerative and degenerative in frequency Kerr effects as well as difference in wavelengths).
Two-Photon Absorption
For macropor-Si TPA coefficient , is estimated to be 0.02 cm/GW for 1.76 m and 0.002 cm/GW for 2 m, 102 which is one and two orders of magnitude smaller than that for c-Si ( = 0 8 cm/GW). 103 This difference is explained by the value decrease with increasing wavelength and approaching photon energy to the half of the band gap.
The value that practically does not differ from one for c-Si (0.8 cm/GW) 96 was obtained for mesopor-Si waveguide. Very high values of TPA coefficient were found in I-scan experiments 86 87 in mesopor-Si with the laser pulse intensity higher than 10 MW/cm 2 , which allows the saturable surface effect not to be taken into account (Fig. 14(a) ). In these measurements the in-plane birefringent mesopor-Si films exhibited significant TPA anisotropy with for ordinary wave exceeding for extraordinary wave, which agrees with a negative type of birefringence in the employed film. The sample of higher porosity exhibits stronger TPA anisotropy and less values. The obtained TPA coefficients are two-orders-ofmagnitude more than one for c-Si. Nevertheless, due to high NLR coefficients of mesopor-Si the figure of merit value FOM = n 2 / , which characterize light self-action properties of material, ranges from 21 to 143 depending on the porosity and radiation polarisation, whereas for c-Si different estimates yield FOM ranging from 0.17 to 2.9.
87
TPA is also manifested in two two-photon-excited photoluminescence (PL). [107] [108] [109] Anisotropy of por-Si cubic susceptibility results in anisotropy of PL signal. 108 
Thermal Effects
Typically, the thermal effect provides the huge nonlinearities, however, it is the slowest nonlinearity. The effect is common for many materials; it is due to the heating of the sample by the laser pulse. The structure of por-Si itself causes poor heat transfer in this material. 110 111 Thus, it is necessary to take it into account for many optical processes in porous-Si except for the processes of subpicosecond duration. Mesopor-Si is characterized by the thermooptical coefficient dn/dT ranged 10 −5 -10 −4 K −1 , which decreases with the rise of porosity and wavelength. 112 Thermal effects are responsible for rise of the optical absorption in visible range with increase of the cw laser power (up to 80 W/cm 2 in microporous-Si free-standing film with switching time of order of 1 ms. 113 
CONCLUSIONS
Thus, por-Si possesses unique nonlinear-optical properties, which depend on its porosity and pore and Si nanocrystal sizes. For some por-Si films nonlinear-optical parameters exceed ones for crystalline silicon. Ability to employ porSi for formation of birefringent films, photonic crystals, and waveguides opens up new possibilities for enhancement of nonlinear-optical interaction efficiency. All this facts make por-Si a very promising material for frequency conversion and light-by-light control.
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